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ABST�CT: Magnetic enhancement was observed in carbon-
encapsulated cobalt ferrite (CoFe2O4) nanoparticles. �e induced
magnetic moment of the nanoparticles was estimated using a
vibrating-sample magnetometer and corrected based on thermog-
ravimetric loss. Notably, up to 25% magnetic enhancement was
achieved via carbon encapsulation by low-temperature hydro-
thermal reactions. A systematic variation on Co L-edge absorption
spectra revealed the introduction of valence holes owing to carbon
encapsulation, and the hole injection was a�ributed to carbon−sp
contact. X-ray magnetic circular dichroism indicates holes injected
upon both Fe and Co ions. Specifically, it is observed that the
injection of polarized holes into Co2+ ions at the octahedral site
results in magnetic enhancement. A spin−split electronic structure analysis of CoFe2O4 based on density functional theory with
Hubbard correction demonstrated that octahedral Co, which served as a minority hole reservoir, controlled the magnetic properties
of the hybrid system.

1. INTRODUCTION
�e applications of magnetic nanomaterials in magnetic
recording media,1,2 micromagnetic devices, magnetoelectric
materials,3,4 microwave absorption applications,5−7 biosen-
sors,8 medical diagnostics, and therapy9−11 have been
comprehensively studied for decades. Spinel ferrites, a class
of metal oxides with extraordinary physical properties, are the
most extensively studied ferrimagnetic materials.12,13 High-
magnetization materials are particularly desirable for the
development of advanced multifunctional magnetic applica-
tions. Unfortunately, a significant reduction in magnetization
occurs at the surface of spinel ferrite nanoparticles (NPs),
rendering them less useful for many of these applications.
However, this obstacle can be overcome by coating the
magnetic NPs with various polymers and organic acids.14−16

Amorphous carbon (a-C) is a low-cost, environmentally
friendly, and chemically stable coating material. Carbon
coating is not widely reported because the formation of
carbon shells usually needs a high-temperature annealing
process, which carbonizes hydrocarbon precursors but will also
result in the reduction.17 A method to avoid this is to use
presynthesized magnetic NPs and low-temperature heat
treatment. Recently, Lee et al.18,19 reported ferrimagnetic
enhancement in a hybridized system of a-C-encapsulated
magnetite nanoparticles (Fe3O4@a-C NPs). Carbon encapsu-
lation enhanced the magnetization of the Fe3O4 NPs by
approximately 22.5%, drawing renewed a�ention to intriguing

insights into promoting magnetism. Lee et al. demonstrated
that when Fe3O4 NPs are brought in contact with a metal-like
electrode material (a-C), the Fermi level of the electrode
material is pinned to the conduction band minimum of the
magnetic semiconductor and becomes spin-dependent. A later
work,19 based on synchrotron spectroscopy, confirmed the
polarized electron injection manifests a chemical reduction of
tetrahedral Fe3+ as the root cause for the observed room
temperature magnetic enhancement in Fe3O4@a-C NPs.
As an extension of understanding the magnetic character-

istics of spinel ferrite NPs with a-C encapsulation, in this study,
we synthesized carbon-encapsulated cobalt ferrite CoFe2O4
(CFO) by the hydrothermal reaction. �e crystal structure of
CFO is identical to Fe3O4 but Co substitutes for one of the Fe
ions at the octahedral subla�ice in an ideal inverse spinel. CFO
can be symbolized as [Fe3+]tet↓[Co2+Fe3+]oct↑O4, where the
subscript tet (oct) denotes the tetrahedral (octahedral)
subla�ice.20 �e magnetic moments of ions in each site are
oppositely oriented, forming a ferrimagnetic configuration. A
simple ionic picture yields high-spin configuration t2g3↑eg2↑t2g2↓ (t2g3↑
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eg2↑) for Co2+ (Fe3+) in the octahedral subla�ice; e2↓t23↓ for Fe3+
in the tetrahedral subla�ice. Here, the notations ↑ and ↓
denote spin direction parallel and antiparallel to total
magnetization. We denote spin-majority (-minority) ↑ (↓)
throughout the manuscript. Magnetic moments of Fe3+ ions in
each subla�ice are canceled, and thus, 3μb per CoFe2O4
formula are determined based on the simplified high-spin
Co2+ ionic scheme. Based on material preparation and purity,
the magnetization of CFO nanoparticle samples at room
temperature with maximum applied field (Mmax.) up to 15 kOe
can reach about 79 emu/g.21,22 �e Mmax. was smaller than
those for the bulk material (89 emu/g)23 and single crystal (84
emu/g)24 under the same applied field.
Among spinel ferrites, nanosized CFO is highly promising in

terms of imparting specific properties. �is is owing to its high
coercivity, strong crystalline anisotropy, moderate magnet-
ization, high Curie temperature (520 °C), and high chemical
and thermal stability. In the present study, up to 25% magnetic
enhancement was achieved via an a-C encapsulation.
Interestingly, in contrast to promoting magnetism by the
polarized electron injection in Fe3O4@a-C, the polarized hole
injection engendered the magnetic enhancement in CFO@C
was uncovered by so� X-ray spectroscopy. In addition, first-
principles calculations revealed that octahedral Co of minority
spin in the vicinity of EF served as hole reservoirs, controlling
the magnetic enhancement in the hybrid system.

2. METHODS
2.1. Sample Preparations. CFO NPs used in this work

were obtained from US Research Nanomaterials, Inc.
(Houston, Texas). Starch is an ideal coating precursor because
of the abundant availability, low cost, renewability, biocompat-
ibility, biodegradability, and nontoxicity.25 Hence, a low-
temperature annealing method to prepare carbon-coated CFO
NPs by using starch as the carbon precursor was followed in
this work.26 To form CFO@a-C samples, 0.02, 0.05, 0.1, and
0.2 g of the starch are dissolved in 100 mL of deionized water
containing 0.5 g of CFO NPs, and the corresponding samples
are referred to as CFO@0.02C, CFO@0.05C, CFO@0.1C,
and CFO@0.2C, respectively, in this paper. A�er ultrasonic
treatment for another 15 min, the resulting suspensions were
transferred to the autoclave, and the low-temperature hydro-
thermal reactions were performed at 200 °C for 12 h. A�er
completion of the reaction, the autoclave was cooled to room
temperature, and the resulting CFO@a-C NPs were collected
using a magnet and washed six times with deionized water. �e
final product was oven-dried at 60 °C for 12 h.
2.2. Experimental Setup. XRD pa�erns were acquired to

reveal crystalline phases of CoFe2O4 and CoFe2O4@a-C
samples by using a Bruker D8 Advanced eco (Billerica,
Massachuse�s) with a Cu Kα radiation source. �e scanning
condition for this analysis was an angular range of 10−80°
(2θ), with a 0.02° step size, and the data collection rate was 4s
per step. �ese samples were characterized by a high-
resolution transmission electron microscope (HRTEM, JEOL
JEM-2100F/Cs STEM) to inspect their size and the thickness
of the carbon layer. For HRTEM, samples were prepared by
placing one drop of a dilute particle suspension in anhydrous
alcohol on a carbon-coated copper grid and evaporating the
solvent at room temperature. �eir Raman spectra were
collected at random points under a 20× objective using a
microscopic Raman system (�Maker, Protrustech Co., Ltd.,
Taiwan). An exciting line of 532 nm was supplied by a diode

laser (CNI) with a power of 1 mW. �e scanned spectral range
was 200−1800 cm−1 with a spectral resolution of 1 cm−1, and
the exposure time was 60s, with two accumulations.
�ermogravimetric analysis (TGA) of these test samples was
done using an SDT Q600 instrument from TA Instruments.
�e temperature ranged from 45 to 800 °C, and the heating
rate of TGA curves was 10 °C/min using a purge gas flow rate
of 100 mL/min argon atmosphere for the evaluation of the
mass fraction of the particles. In addition, a vibrating-sample
magnetometer (VSM, Lake Shore 7400 system) was used to
observe induced magnetization and M−H loop measurements
under the magnetic field (H) up to 15 000 Oe. �e so� X-ray
experiments were performed at the TPS 45A2 beamline27,28 of
the National Synchrotron Radiation Research Center in
Taiwan. �e total electron yield method was used to measure
the X-ray absorption and the X-ray magnetic circular dichroism
across the Co and Fe L-edge, with le�- and right-handed
circularly polarized light along with an applied magnetic field
of 1.5 T.

3. RESULTS
3.1. Crystal Structure. Figure 1 shows the X-ray

pa�erns of the CFO and CFO@0.2C samples.

�e acquired CoFe2O4@0.2C sample exhibited a similar XRD
pa�ern as the CoFe2O4, suggesting the crystalline form was
nearly unchanged during the hydrothermal process. All of the

peaks could be indexed to an inverse spinel
structure of CoFe2O4 (JCPDS no. 22-1086). No additional
crystalline phase apart from CFO a�er hydrothermal treatment
was detected for CFO@0.2C NPs. Crystal structures of these
two samples in space group Fd3̅m have been refined by
application of the Rietveld method X-ray powder
profile. Refinements were carried out using GSAS so�ware and
EXPGUI interface. �e average crystalline sizes calculated
from the refined profile parameter were determined to be 23.1
nm (CFO) and 24.0 nm (CFO@0.2C), respectively. �e CFO
and CFO@C NPs are nearly granular in shape as determined
by TEM, as seen in Figure 2a. �e HRTEM images revealed a
noticeably dark core and gray carbon shell in the encapsulated
CFO@a-C NPs. Shell thickness less than the information
depth of so� X-ray was ensured and was roughly proportional
to the amount of starch used. �e XRD and HRTEM results

Figure 1. X-ray pa�erns of CFO and CFO@0.2C samples.
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demonstrate a well-defined core−shell structure, and the CFO
crystalline phase is by carbon encapsulation.
3.2. Raman Analysis. Figure 3 shows the Raman spectra

of all of the test samples in the low- and high-wavenumber
regions. �e characteristic Raman vibration modes of the
spinel crystalline structure are present for these samples,
although slightly red-shi�ed compared to thin CFO films.29−31

However, a much lower signal/noise ratio of their vibration
modes can be easily found for CFO@C composites, caused by
carbon coating. All Raman bands of CFO@a-C exhibited a
typical spectrum of diamond-like carbon, suggesting that the
starch was converted into a carbon-like product at 200 °C in
the hydrothermal carbonization process. �is band region
could be deconvoluted into a broad band at 1330−1350 cm−1

(D band) and another band at 1540−1580 cm−1 (G band).
�e intensity ratio (ID/IG) was found to correlate linearly with
the sp2/sp3 ratio.32 According to our Raman examination,
these two bands became more prominent when more starch
was used as a carbon source when forming the CFO@a-C.
�eir ratio increased initially until reaching a maximum value
of 7.65 with approximately 0.1 g of starch precursor before
obviously decreasing when additional starch content was used.
Such a change suggests that carbons far from their CFO/
carbon heterointerfaces are predominantly sp3-bonded. In our
study, we infer that the existence of sp2 in carbon shells may
play a key role in acting as the electron or hole transport layer.
3.3. TGA and M−H Loops Measurement. Carbonaceous

ma�er was formed through hydrothermal carbonization, and
the amount of such ma�er involved in CFO encapsulation was
estimated based on the thermogravimetric weight loss in a
thermogravimetric analysis. In particular, the TGA analysis,
shown in Figure 4a, revealed abrupt weight loss between 500
and 600 °C for the encapsulated samples, which was ascribed
to the thermal decomposition of carbon.10,33 �e mass loss of
these CFO@a-C samples increased with increasing amount of
starch during the hydrothermal process. �e magnetization
(M) versus field (H) curves at room temperature in Figure 4b
show that the induced magnetization at the highest field value
(Mmax.) increased initially and reached a maximum value of
82.8 emu/g, which is slightly higher than those of other CFO

nanoparticle samples (up to 79 emu/g) and reveals the
magnetic enhancement of CFO a�er carbon encapsulation.
�e measured Mmax. and the one corrected based on the
thermogravimetric loss are depicted in Figure 4c, showing up
to 25% magnetic enhancement.

3.4. Soft X-ray L-Edge Absorptions. �e element- and
site-specific electronic variations underlying these exceptional
observations were thoroughly examined based on synchrotron
X-ray absorption spectroscopy (XAS) and X-ray magnetic
circular dichroism (XMCD). Spectra were measured under the
variations in incident helicities switching, caused by an
undulator, parallel (μ+) or antiparallel (μ−) to the sample
magnetization with an applied magnetic field of 1.5 T parallel
to the incident X-rays. �e XAS spectra (μ0) were obtained as
an average, μ0 = (μ+ + μ−)/2, as per standard procedure.34,35

In Figure 5a, nonsignificant variations were observed
between the Fe L-edge XAS results of CFO and CFO@a-C.
�e carbon coating primarily the Co L-XAS results,
which revealed a systematic trend, as depicted in Figure 5b.
Specifically, this figure presents the results of the ligand field
multiplet (LFM) calculations of the high-spin 2p63dHS

7(4T1)
→ 2p53d8(3A2) transition (thin black lines) along with the
experimental data corresponding to CoO (solid circle). �e
overall line shape of our results resembles that of high-spin
Co2+ ions in an oxygen octahedron. Referring to de Groot’s
results, the LFM calculations in ref 36 suggest that the spin−
orbital coupling (83 meV) and cubic ligand field strength (0.9
eV) li�ed four states, at energies of 0 (E2), 44 (G), 115 (G*),
and 128 meV (E1). With an increase in the amount of carbon,
the L-edge absorptions revealed signatures, particularly for Co
L2, of a transition from E2 to G symmetry. Note that L-edge
XAS is by the structure of the target complex, local
metal−ligand coordination, and intra-atomic Coulombic and
spin−orbit interactions in the 2p core and 3d valence
orbitals.37−39 �e transition (from E2 to G symmetry) shown
in Figure 5b indicates the variations in the spin−orbit
interactions of the absorption process, 2p63dHS

7−δ (4T1) →
2p53d8−δ (3A2), when the valence holes (δ) are introduced by
carbon−sp contact. �e presence of these holes explains the
higher-energy shi� of peak (peak A, Figure 5b, inset)

Figure 2. (a) Representative TEM micrograph of CFO@a-C nanoparticles. HRTEM images of a single CFO@C nanoparticle of samples (b)
CFO@0.02C, (c) CFO@0.05C, (d) CFO@0.1C, and (e) CFO@0.2C.
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immediately above the absorption edge, which indicates an
increase in the metal oxidation state.40−43 �ese observations
implied hole injection upon carbon coating and characterized
the type of hole acceptor for the Co2+ ions.
3.5. Soft X-ray L-Edge XMCD. Figure 6a,b shows the Fe

and Co L2,3-edge XAS spectra with photon helicity of incident
X-ray parallel (μ+) and antiparallel (μ−) to the direction of
sample magnetization, respectively. �e XAS results lead to the
same conclusion as the Co L-edge XAS results: the carbon
coating alters the spin−orbit coupling corresponding to L-edge
XAS results: the carbon coating alters the spin−orbit coupling
corresponding to 2p63dHS

7 (4T1). �e polarization- and the

site-specific distribution of holes injected because of carbon−
sp contact can be further examined by using the Co and Fe L-
edge absorption spectra. �e spectral features in polarization
dependence, L2,3-XMCD and L3‑XMCD, as shown in Figure 6,
are consistent with previous works reported elsewhere.44−46

In Figure 6a, features a2 and b2 of opposite XMCD signs in
the Co L3-edge XMCD spectra are associated with the Co2+
ions at the tetrahedral (Cotet2+) and octahedral (Cooct2+ ) sites,47

respectively, and correspond to the Neél arrangement of the
Cotet2+ and Cooct2+ . �e overall MCD signals of the samples were
categorized into two groups: one including CFO, CFO@
0.02C, and CFO@0.05C, and the other including CFO@0.1C
and CFO@0.2C that were referred to as E2 and G symmetry,
respectively, according to Figure 5b. �us, the enhancement b2
in the XMCD signal has indicated an E2 → G transition with

Figure 3. Comparison of low-wavenumber (top) and high-wave-
number (bo�om) regions of the Raman spectra of all of the test
samples. �e intensity ratio (ID/IG) is also shown.

Figure 4. (a) TGA curves of test CFO@a-C samples. (b) M−H
curves. (c) �e induced magnetization at the highest field (Mmax.) of
various cobalt ferrite samples. �e magnetization was corrected based
on the thermogravimetric loss.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.3c03046
J. Phys. Chem. C 2023, 127, 17978−17986

17981



the increase of polarized holes at the Cooct2+ that engendered the
magnetic enhancement.
XMCD can distinguish Fe ions with valences (Fe3+

and Fe2+) at la�ice sites in spinel structure.48 In
Figure 6b, the L3-edge XMCD signal of the positive
component (labeled as a3) is corresponding to the Fe3+ ions
in the tetrahedral sites. And two strong negative components
(labeled as b2 and b3) are related to the Fe2+ and Fe3+ ions in
the octahedral sites, respectively. �e opposite direction
between peak a3 and peak b2, b3 shows the antiferromagnetic
interaction of Fe ions at tetrahedral and octahedral sites,
namely, [Fe3+]tet↓[Fe2+Fe3+]oct↑O4 based on a simplified ionic
scheme. �e holes also increased in line with the MCD
features (a3 and b3) representing Fetet3+ and Feoct3+ with

opposite spin directions, although no significant variations in
Fe L-edge XAS were concluded.

3.6. First-Principles Calculations. �e microscopic
origin of the magnetic enhancement in CFO@a-C was further
investigated based on a first-principles approach. �e Vienna
Ab initio Simulation Package49 implementation of density
functional theory (DFT) was used to calculate the of
hole acceptors by computing electronic variations under
neutral and charged states of the equilibrium la�ice. To
ensure the purely electronic on the magnetic enhance-
ment, we evaluated a partial spinel in addition to an ideal
inverse spinel cobalt ferrite. �e experimental approach has
reported that ≈20% of Co2+ in the tetrahedral subla�ice
stabilized the partial spinel.20,50 Based on the generalized
gradient approach with Hubbard correction (GGA + U)

Figure 5. (a) Fe L-edge so� X-ray absorption (L-XAS) exhibited by cobalt ferrite nanoparticles (CFO NPs) as a function of the amount of starch.
(b) Co L-XAS as a function of the amount of starch. �e inset shows an enlarged view of feature A. E2 and G (thin black): theoretical L-XAS
spectra (reproduced with permission from ref [36]. copyright 1994 Elsevier) for the Co2+ high-spin 3d7 → 2p53d8 transition with (solid thin black)
and without (dashed) the consideration of spin−orbit coupling. Black circle: experimental spectrum of CoO (Reproduced with permission from ref
[36]. copyright 1994 Elsevier).
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method,51 the partial spinel (Co1−xFex)tet↓(CoxFe2−x)oct↑O4 x =
0.75 has been theoretically shown to be energetically favorable
than fully inverse spinel (x = 1.0). In the ideal inverse spinel,
the Fe and Co octahedra comprised the B1 and B2 subla�ices
in the octahedral site and had shearing corners along ⟨11̅0⟩
and ⟨110⟩ in a conventional la�ice (Fd3̅m, 56 atoms). �e
partial spinel (x = 0.75) comprised a doubled primitive la�ice
(28 atoms), wherein a Fe tetrahedron was exchanged with a
Co octahedron. Dudarev’s simplified GGA + U scheme52,53

was adopted in this work. �e initial magnetic moment
corresponding to the Neél-type arrangement of the octahedral
and tetrahedral subla�ices was chosen for both the structure
optimization and electronic calculation. Equilibrium la�ice was
obtained from internal coordinates relaxation with a 3 × 3 × 3
(x = 0.75) and a 4 × 4 × 4 (x = 1) Monkhorst−Pack k-mesh,
respectively, until the forces on each ion are converged to less
than 2 meV/Å. Energy of 520 eV was set. Ue� was set to
3.4 and 3.1 eV for the Fe and Co ions, respectively; the
electronic bandgap consists of previous calculations54,55 for
stoichiometric CoFe2O4 and is in reasonable agreement with
prior conductivity measurements.56 Figure 7 shows the
variations in the electronic structure as a function of charged
states. �e corresponding variations on the computed d
electrons and the magnetization are shown in Figure 8. �e

solutions of the equilibrium configurations of both spinels are
magnetic insulators.51 �e charged states, + and ++, of both x
= 0.75 and x = 1.0 spinels reveal consistent results with those
for the spin-minority state of Co ions in octahedral (Cooct)
upon which the hole doping occurs. In partial spinel (x =
0.75), the computed magnetization of Cooct boosts up before
that of Cotd. �e d hole introduced by the charged states + and
++ are increased by 9.8 and 19.6% for Cooct, and 3.8 and 8.6%
for Cotet. �e variations on magnetization and charge in Fe
ions are an order of magnitude smaller than that of Co ions.
�e calculation results have suggested the hole doping upon
the Cooct spin minority dominates the enhancement of
magnetization and also reveal that the total magnetic moment
is increased for the charged states of both x = 0.75 and x = 1.0,
demonstrating the purely electronic accounting for the
magnetization enhancement apart from other extrinsic causes.

4. DISCUSSIONS
We are aware that one of the mechanisms for magnetic
enhancement in spinel ferrites is cationic redistribution: the
cations migrated from one site to another by replacing the
other cations. �e size or surface may result in cationic
redistribution and the magnetic properties of CFO

Figure 6. L-edge X-ray absorption (L-XAS) and L-edge X-ray magnetic circular dichroism L-XMCD spectrum corresponding to (a) Co and (b) Fe
under right and le� circular polarization parallel (μ+) and antiparallel (μ−) to the sample magnetization. �e top, middle, and lower panels,
respectively, show the polarization-dependent L-XAS, L-XMCD, and L3-XMCD.
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nanoparticles.57,58 In the present work, if the cation
redistribution to be responsible for the observed magnetic
enhancement, the feature intensities of XMCD at octahedral
and tetrahedral sites would be changed, e.g., the intensity of
one site would increase and that of the other site may decrease.
In Figure 6a, the intensity of b2 (Cooct2+) in the Co XMCD

spectra increased but that of a2 (Cotet2+) nearly remained the
same. �e XMCD results evidently ruled out the observed
magnetic enhancement, possibly due to Co cationic redis-
tribution because the features designated to Cotet.2+ are

by the carbon encapsulation using low-temperature
annealing. In addition, as displayed in Figure 6b, the a3 (Feoct2+ )
intensity increased to the same extent as b3 (Feoct2+ ) in the Fe
L3-XMCD spectra, suggesting magnetic enhancement due to
hole injection upon Fe ions are canceled because of the
opposite sign of XMCD signal. �erefore, no signatures of
cation redistribution are indicated by the L-XMCD spectrum.
Magnetic enhancement in CFO@a-C due to hole injection
upon octahedral Co is concluded.

5. CONCLUSIONS
Based on the so� X-ray absorption results and GGA + U
calculations, we concluded that the hole reservoir, namely, the
octahedral Co of spin-minority states in a cobalt ferrite,
controls the magnetic enhancement in the CFO@a-C NPs
hybrid system. In a prior study by the present authors,19

magnetic enhancement in Fe3O4@a-C NPs was unraveled
using synchrotron spectroscopy. �e electronic states of Fe3+
(d5) in a tetrahedral subla�ice of Fe3O4 are represented by
e2↓t23↓. A simplified ionic scheme, namely, e2↓ t23↓ → e2↓ t23↓ e↑,
elucidated both results obtained from the Fe K-edge X-ray
absorption near-edge structure and the Fe L3-XMCD. �e
tetrahedral Fe ions, which served as electron acceptors,
engender the magnetic enhancement in a Fe3O4@a-C hybrid
system. In contrast to the previous Fe3O4@a-C case, in the
present study, magnetic enhancement was a�ributed to
octahedral Co ions, which served as hole acceptors in a
CFO@a-C hybrid system. �ese observations confirmed that
magnetic enhancement can be achieved in a spinel ferrite

Figure 7. Calculated electronic structure variations as a function of
neutral (0) and charged states (+ and ++) for (Co1−x Fex)tet↓ [Cox
Fe2−x]oct↑ O4 (x = 0.75 and x = 1). �e majority (minority) spin
density of states is set as positive (negative).

Figure 8. DFT + U computed magnetization and 3d hole doping (in average) for each crystallographic site for the neutral (0) and charged states
(+ and ++) of the (Co1−x Fex)tet↓ [Cox Fe2−x]oct↑ O4 (x = 0.75 and x = 1). Numerical values are listed in the Supporting information.
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system by using a a-C encapsulation process.
Moreover, our results indicated the spin-polarized states in a
spinel ferrite under carbon−sp contact can serve as electron
donors or acceptors in response to magnetic enhancement.
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